Hydrogen-atom transfer in tetralin autoxidation . 
Introduction
Tunneling through a barrier 1 is a consequence of the wave nature of matter. If the thickness of the barrier is approximately equal to or less than the de Broglie wavelength of a particle approaching the barrier, then tunneling can occur. Tunneling increases the rate of a chemical reaction because it occurs in addition to passage over the barrier. Since it accesses lower energy pathways for reaction, it can lower the measured activation energy. The degree to which that occurs depends on the shape of the barrier, the atomic masses, and the temperature; the role of each will be discussed below. Thermally activated tunneling 2 means that most of the tunneling contribution to the rate comes from excited vibrational levels of the reactant, as opposed to the zero-point level, n¼0 (Fig. 1 ). In many reactions in which tunneling is important, tunneling from n¼0 is negligible. In Section 3 we discuss the effect of barrier shape, atomic mass and temperature on tunneling probabilities and rates of reactions.
Scope
This review is meant to be of interest to organic chemists. Literature reviews have covered thermally activated tunneling, 3e5 theoretical treatments of tunneling, 1,6e8 or were focused on tunneling in materials 1, 9 and enzymes. 7,10e17 Tunneling at cryogenic temperatures (e.g., Argon matrix at 10 K) has also been reviewed before 1,3e5,18e20 where low thermal energy halts the reaction from proceeding over the barrier, but we deem such examples to be outside the norm of bench top organic reactions. No reviews exist that target tunneling at temperatures commonly encountered in organic chemistry, which is done here. In Section 3, a background on tunneling is provided. The remainder of the review has been divided into two sections describing the tunneling of carbon or nitrogen, and hydrogen, which cover literature over the past w10 years (Sections 4 and 5). In Section 4, carbonand nitrogen-atom tunneling is described (Fig. 2) . In Section 5, literature is covered on H-atom transfer, and H À and H þ transfer reactions in organic chemistry (Fig. 2) . Useful aspects of experimental and computational methods for evidence of tunneling in organic chemistry are also included.
Background
A particle approaching a parabolic barrier is a good qualitative model for tunneling. If the particle has mass m and energy E, and the barrier has height V and width w, the tunneling probability is proportional to exp(Àw[m(VÀE)] 1/2 ). The barrier width has the greatest effect on tunneling because it occurs as the first power. The mass dependence is not as strong, but clearly is important for kinetic isotope effects (KIEs).
In transition state theory (TST), the effect of tunneling on the rate constant k is contained in the transmission coefficient k, i.e.,
. k is the quantum correction for motion along the reaction coordinate. It includes the effect of forward transmission through the barrier and backward reflection (diffraction) above it. With this definition, k is the ratio of the tunneling-corrected rate to the classical rate (TST); k¼1 if there is no tunneling and k>1 if tunneling contributes to the rate. We take (kÀ1)/k as a convenient measure of the fraction of reaction due to tunneling (actually a lower bound, because k is tunneling minus reflection), so that k¼2 implies 50% tunneling.
The clearest experimental evidence for tunneling has been obtained at cryogenic temperature. 1,3e5,18e20 With negligible thermal energy, any product formation must be due to tunneling, and the reaction rate is independent of temperature in this regime. As temperature is increased, the fraction of reaction occurring over the barrier increases rapidly. In a hypothetical reaction examined from near 0 K to high temperature, an Arrhenius plot of ln k vs 1/T would be straight at high temperature, horizontal at low temperature, and curved in between as shown in the red line in Fig. 3A and C. In contrast, a TST calculation neglecting tunneling would predict a nearly straight line (black). In SCT, curvature refers to curvature along the minimum energy path (MEP), which occurs as the path changes direction during the course of a reaction. Regions of high curvature on the MEP create an opportunity for a tunneling particle to 'cut the corner' and tunnel through a shorter distance than the MEP arc length distance. Small curvature means that the tunneling path does not stray far from the MEP. Rate constants computed with and without SCT tunneling are k CVTþSCT and k CVT .
In the high-temperature linear portion of a curved Arrhenius plot, tunneling may account for a substantial fraction of the rate. This is the temperature regime where some of the reactions discussed in this review take place. If curvature is not apparent, other tunneling criteria are considered, such as anomalous negative activation entropies (e.g., DS z ¼w À10 to À40 eu), 27 and very large KIEs. 28 For H atom tunneling, the criteria suggested by Kim and where the barrier is narrow. As a result, the low temperature curved region of the Arrhenius plot is not observable because the reaction rate becomes too slow. This is particularly true in heavyatom tunneling with large barriers where the low-energy tunneling probabilities are extremely small. 
Carbon atom and nitrogen atom tunneling
The examples presented here describe carbon and nitrogen atom tunneling. There are 8 literature examples of which 4 contain both experimental and theoretical evidence, and 3 that contain theoretical evidence alone.
Ring-opening of a cyclopropylcarbinyl radical
A 2010 report describes the ring-opening of cyclopropylcarbinyl radical 1 where experimental and computational studies provided evidence for carbon atom tunneling (Scheme 1). 30 To reach 1, (bromomethyl)cyclopropane was reacted with Bu 3 Sn . An additional step with Bu 3 SnH afforded 1-butene and methylcyclopropane.
A stated goal of this study 30 was to obtain prima facie experimental evidence for tunneling e that is, experimental results that imply tunneling without recourse to calculation. The relative amount of 13 C at positions 3 and 4 of 1-butene was analyzed by NMR at natural abundance at five temperatures from À100 to þ80 C. This gave intramolecular KIEs, defined as [k12 C /k13 C (at C4)]/ [k12 C /k13 C (at C3)], ranging from 1.062 at 80 C to 1.163 at À100 C, with uncertainties of AE0.002 to 0.004. we have plotted the data.) With the small error bars, however, it is clear that the linear fit is inadequate, and must be rejected in favor of a tunneling model that implies curvature. Such a model was provided by POLYRATE calculations that predicted a curved plot that fit the data. By itself, the experimental plot in Fig. 5 implies tunneling, because the points do not lie on a line and TST demands a linear plot. The high precision of the NMR measurements was critical here. Given the nonlinearity, the three highest and the two lowest temperature points were analyzed in separate linear plots. The high-T points gave E a ( 13 C)ÀE a ( 12 C)¼0.052 kcal/mol and A12 C / A13 C ¼0.987; the low-T points gave E a ( 13 C)ÀE a ( 12 C)¼0.085 kcal/mol and A12 C /A13 C ¼0.908. The large difference in E a ( 13 C)ÀE a ( 12 C) is consistent with tunneling, as is A12 C /A13 C <1. Furthermore, KIE computed by CVTþSCT matched well with the experimental data, but the calculated KIE based on CVT alone (without tunneling) did not.
The Roush allylboration of aldehydes
A 2012 paper reported experimental and computational 12 C/ 13 C KIE data at À78 C for the reaction of anisaldehyde 3 with Roush (þ)-diisopropyl L-tartrate-modified allylboronate 4 to reach allylic alcohol 5 (Scheme 2).
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Experimental evidence for tunneling included 12 C/ 13 C KIE values that were larger than 1.00 at C1, C2, and C4 of 1.052, 1.036, and 1.019, respectively, for 3þ4 reaching 5. Computational evidence for tunneling included M06-2X/6-31þG(d,p) calculations of KIE CVTþSCT ¼k12 C /k13 C and KIE CVT ¼k12 C /k13 C were conducted in the gas phase and with polarized continuum model (PCM) of CH 2 Cl 2 . The KIE CVT without tunneling were lower than those obtained experimentally, and this underestimation was most distinct for C1 and C2, both of which were most involved in the reaction progress. The calculations with inclusion of tunneling were highly valuable by showing a correlation to the experimental KIE data (Table 1) . Computational data showed that 36% of this Roush reaction is due to carbon atom tunneling.
The Bergman cyclization of an enediyne
In 2013, a paper reported on computations of the Bergman cyclization of (3Z)-cyclodec-3-en-1,5-diyne 6 (Scheme 3). (Fig. 7) . Due to k SCT energy regions through which tunneling contributions are the highest were determined. Tunneling contribution was most significant at the upper portion (1.5 kcal/mol) from the top of the barrier with mBLYP//CASSCF and 2.2 kcal/mol with CASSCF (which is where darker maroon color appears in Fig. 7 ). Computational data showed that 39% of this enediyne reaction is due to carbon atom tunneling. 
Myers-Saito cyclization of an annulene
In 2016, a report used computations to examine the Myers-Saito cyclization of cyclodeca-1,2,3,5,9-pentaen-7-yen 9 and ring-fused annulene 12 and found evidence of carbon atom tunneling (Scheme 4). 33 Computational evidence for tunneling includes: (i) For 9 (Scheme 4A), computations of k CVT was 2. C2 atoms were substituted with 13 C atoms, and primary, secondary, and total (1 þ2 ) KIEs were obtained for the conversion of 9 to 10. The primary KIE of 9/10 was 1.024 without tunneling, and that with tunneling was 1.099. The secondary KIE CVT of was 1.005 without tunneling, whereas with tunneling it was 1.033. The Arrhenius plot for ln KIE CVTþSCT versus T À1 over the temperature range 100 Ke300 K was curved suggesting that the tunneling increases the reaction rate. k SCT values for 9 and 12 were 1.4, and at 298 K both were 1.2, thus indicative of tunneling contribution to the reaction rate. The barrier width for 9 was 1.26 A, and for 12 was 1.14 A.
Shifting of the p bonds (automerization) of antiaromatic systems
A historically important report from 1983 34 described the shifting of the p-bonds in cyclobutadiene. This landmark paper was the first unambiguous demonstration of carbon tunneling in a thermal reaction, and it inaugurated the modern study of heavyatom tunneling. Recently, a computational report from 2014 described the shifting of the p-bonds in pentalene and heptalene via tunneling (Scheme 5). 
Carbonecarbon bond reductive elimination with gold (III) complexes
Two reports appeared in 2014 36, 37 that describe the CeC bond reductive elimination. One report 36 was an experimental study of cis-[AuPPh 3 (4-F-C 6 H 4 ) 2 Cl] 18 to form 4,4 0 -difluorobiphenyl 20 (Scheme 6A), and the other report 37 was a computational study on a model system 21, which found evidence for carbon atom tunneling (Scheme 6B).
Experimental data showed that the reaction of Au(III) complex 18 to form 4,4 0 -difluorobiphenyl 20 and (Ph 3 P)AuCl was rapid at À52 C with k¼1.5AE0.1Â10 À4 s
À1
. Computational evidence for tunneling included results on 21 as a model system. Since PPh 3 and PH 3 share similar electronic properties, their energy barriers were similar electronic properties, energy barriers for reductive elimination of 18 and 21 were similar as well (DH z ¼17.1 kcal/mol, and 17.5 kcal/mol, respectively). For 21 at À52 C, k CVT was 5.29Â10 À5 s
, and with the inclusion of tunneling effect, the k CVTþSCT was 7.43Â10 À5 s
. The latter value is closer to the experimental rate constant k obs ¼1.5Â10
À4 s À1 than that of the former.
Tunneling was found to occur at 0.14 kcal/mol below the tip of the barrier suggesting that the mode of tunneling is thermally activated. It is also evident from the Arrhenius plot computed with tunneling, which lacks curvature in the range of temperatures from À52 C to À3 C. Computations predict that 28% of the C1eC1 0 bond formation is due to carbon atom tunneling.
Linoleic acid oxidation by soybean lipoxygenase 1
In 2011, a paper described the oxidation of linoleic acid 23-d 2 by soybean lipoxygenase 1 (Scheme 7). 38 First, there was the formation of a pentadienyl radical by hydrogen atom abstraction at C11, which was followed by the addition of dioxygen at C13 and a subsequent H-abstraction step to reach 26-d. This reaction involved carbon-atom tunneling through the hydrogen abstraction process via carbon (k12 C /k13 C ) KIE at C11. 
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Nitrogen-atom tunneling in a Huisgen reaction
A 2015 computational study describes an intramolecular Huisgen reaction where evidence was found for nitrogen atom tunneling (Scheme 8). 39 Here, a cycloaddition in 2-(azidomethyl)-3- Heavy atom tunneling is involved in some hydrocarbon and heteroatom reactions, although more publications exist for tunneling of light atoms, as we will see next. Table 3 showed a decrease with increasing temperature indicating tunneling.
Hydrogen atom, hydride, and proton tunneling
A 1,3-Hydrogen shift in adamantylidene.
A paper appeared in 2014 describing a hydrogen atom shift in the cyclopropanation of adamantylidene 33 to form 2,4-dehydroadamantane 34 (Scheme 10). 41 Here, the H-atom transfer and cyclopropanation occurred in a concerted manner. A singlet diradical was not an actual intermediate; instead, it was located on an inflection point of the potential energy surface reaching 34. 49, 50 reported experimentally derived rate constants for the 1,5-H transfer of (Z)-1-p-tolyl-5-phenyl-1,3-pentadiene (Scheme 13) at four temperatures spanning 108 K to test for tunneling. The Arrhenius plot was said to be linear, but no graph was shown 49, 50 and the matter was dropped. However, when the data are plotted as seen in Fig. 8 , the 4-point linear fit (red dotted line) looks acceptable, but the residuals of the fit are larger than the error bars (numbers in red). This indicates a nonlinear plot; we employed the same procedure as Singleton and Borden 30 to compare slopes in the high versus low temperature regions. The difference in slopes is large, and corresponds to a 4.8 kcal/mol decrease in activation energy. This suggests a significant amount of tunneling, roughly comparable to [1, 5] -sigmatropic shift in cyclopentadiene. , which was curved, but for a few points produced a straight line and a slope [E a 
(D)ÀE a (H)]/R (where R¼gas constant) and intercept
A H /A D . E a (D)ÀE a (H) was equal to 2 kcal/mol, and A H /A D ¼0.32, both of which point to tunneling by exceeding the Kim/Kreevoy criteria. However, the experimental H/D KIE data were less conclusive for tunneling contributions. 51 Computational evidence pointed to tunneling including (i) Arrhenius parameters E a (D)ÀE a (H), using CVT with microcanonical optimized multidimensional tunneling corrections mOMT fit better to those obtained experimentally compared to CVT alone. 52 (ii) H/D KIEs were computed including tunneling (by means of CVTþmOMT, squares, Fig. 9 ) were lower than experimental (solid circles, Fig. 9 ). 48 When tunneling was accounted for by semiclassical instanton (SI) (solid line, Fig. 9) , the H/D KIE of the sigmatropic shift were in even better agreement with experimental results. 48 Similar to [1, 5] -sigmatropic shifts in Section 5.1.4, here the computational data were fair in reproducing the experimental data.
5.1.7. Hydrogen-atom transfer in tetralin autoxidation. In 2015, a report appeared with experimental H/D KIE evidence of hydrogen atom tunneling from tetralin (45-d 2 , Scheme 15) or diethylbenzene, or dibenzylbenzene to a peroxyl radical. 53 These experiments were carried out at 65 C. The KIE for formation of products 47-d 2 and 49-d was found to be 15.9AE1.4, which exceeded the Kim/Kreevoy criterion w7, suggesting significant contribution of tunneling in the H abstraction. Similar effects were observed for diethylbenzene and dibenzylbenzene for conversion to hydroperoxide. The KIE of diethylbenzene was measured to be 13.7AE2.0, and that of dibenzylbenzene was measured to be 12AE2.0. À1 over the range of 0e80 C were in reasonable agreement with the experiments. Based on the calculations, at least 56e80% of the reaction proceeds by tunneling at 0e80 C.
Proton transfer reactions
Some equilibrium reactions take place and indicate that tunneling is not always a one-way street. There have been reports of proton tunneling that are in tautomerization reactions. , and with the SCT tunneling correction the E a CVTþSCT ¼0.3 kcal/mol and log
, indicating that tunneling decreases the energy of activation. Computations showed that the barrier is narrow so that 97% of the thiotropolone reaction is due to proton tunneling in molten state at 60 C.
Other than thiotropolones, tropolones contain tautomers that interconvert with a tunneling contribution. Computational methods show that 75% of the tropolone reaction is due to proton tunneling. for the H ( ) and D ( ) transfer process in crystalline and amorphous phases. The tautomerism is faster in the amorphous phase than the crystalline phase, in which curvature in both phases was interpreted as evidence of tunneling. The H/D KIE for the amorphous phase was 4 and for the crystalline phase was 9 suggesting tunneling contributions in both.
Summary
Tunneling contributes, to varying extents, in organic reactions. Sections 4 and 5 described the tunneling of heavy and light atoms, respectively. Fewer publications exist for heavy atom tunneling (Section 4) than light atom tunneling (Section 5), but this does not mean the former is less important. Evidence suggests nontrivial percentages for heavy atom tunneling in a Roush allylboration (36%), a Au(III) promoted CeC bond formation (28%), an azide cycloaddition (35%), and a Bergman cyclization (39%), which can occur at temperatures from À78 C to 37 C. Literature examples sometimes point to high percentages of light atom tunneling, e.g., in cyclobutylidene Scheme 18. Reductive elimination of methane from methylbis-phosphine platinum complexes.
(73%), in dihydroxyacetone (56e80%), and in thiotropolone (60e97%), which can occur at temperatures from 0 C to 80 C.
What are the future prospects of tunneling in organic chemistry? The future looks promising although more facile methods are needed to detect tunneling. Experimentally, detection of carbon-atom tunneling can be difficult due to low 13 C natural abundance, although reactions on larger scales is one solution to this problem. 64 Furthermore, theoretical methods that map discontinuous potential energy surfaces can run into difficulty in screening for tunneling. Nevertheless, computational methods can deduce tunneling contributions by calculating small-curvature tunneling (SCT) and canonical variational transition state theory (CVT) and thus ferret out classical contributions to the rate. Tunneling has a desired caveat of increasing the speed to reach product through the barrier instead of over the barrier. 
